We study spectroscopic observations of chromospheric evaporation mass flows in comparison to the energy input by electron beams derived from hard X-ray data for the white-light M2.5 flare of 2006 July 6. The event was captured in high cadence spectroscopic observing mode by SOHO/CDS combined with highcadence imaging at various wavelengths in the visible, EUV and X-ray domain during the joint observing campaign JOP171. During the flare peak, we observe downflows in the He i and O v lines formed in the chromosphere and transition region, respectively, and simultaneous upflows in the hot coronal Si xii line. The energy deposition rate by electron beams derived from RHESSI hard X-ray observations is suggestive of explosive chromospheric evaporation, consistent with the observed plasma motions. However, for a later distinct X-ray burst, where the site of the strongest energy deposition is exactly located on the CDS slit, the situation is intriguing. The O v transition region line spectra show the evolution of double components, indicative of the superposition of a stationary plasma volume and upflowing plasma elements with high velocities (up to 280 km s −1 ) in single CDS pixels on the flare ribbon. However, the energy input by electrons during this period is too small to drive explosive chromospheric evaporation.
Introduction
Solar flares are thought to be the result of magnetic reconnection in the corona, which releases vast amounts of energy within a few minutes (up to hours in the largest events). A substantial fraction of the released energy goes initially into the acceleration of suprathermal particles. Nonthermal electrons streaming down along the loops from a coronal acceleration region are stopped in the lower atmosphere due to the steep density increase in the transition region toward the chromosphere. There they deposit the bulk of their kinetic energy in Coulomb collisions with the ambient thermal electron population (Brown 1971; Lin & Hudson 1976) . As a consequence of this energy input, the chromospheric plasma is strongly heated and expands upward, filling the coronal loops, which are then observed via their enhanced soft X-ray (SXR) and extreme ultraviolet (EUV) radiation. This process, known as "chromospheric evaporation", was first proposed by Neupert (1968) to explain the observed correlation between the thermal and cumulated nonthermal flare emission ("Neupert effect"; see e.g. Dennis & Zarro 1993; Veronig et al. 2002) .
Strongly blue-shifted components and line-asymmetries during the flare impulsive phase evidencing plasma upflows with speeds up to ∼300-400 km s −1 have been first observed in spatially unresolved SXR spectroscopy from highly ionized ions formed at temperatures of 10 7 K with the Bent and Bragg Crystal Spectrometer (BCS) onboard Solar Maximum Mission (SMM; e.g. Doschek et al. 1980; Antonucci et al. 1982; Zarro et al. 1988; Doschek 1990 ). Thereafter, flare-induced plasma flows were observed in SXR line spectra with Yohkoh/BCS (e.g. Culhane et al. 1993; Mariska et al. 1993; Bentley et al. 1994; Wuelser et al. 1994) , and in spatially resolved EUV line spectra by SOHO/CDS (Coronal Diagnostics Spectrometer; e.g. Brosius 2003a; Teriaca et al. 2003; Brosius & Phillips 2004; Kamio et al. 2005; Del Zanna et al. 2006; Milligan et al. 2006a) . Hydrodynamic simulations of the atmospheric response to electron-beam heating confirmed that strong -5 -blue-shifts in hot flare lines should be observed (e.g. Nagai & Emslie 1984; MacNeice et al. 1984; Fisher et al. 1985c,b,a; Allred et al. 2005; Liu et al. 2009 ). These models also predict a relation between the temperature and the expansion velocity of the evaporated plasma, which was recently confirmed from observations of a C-class flare with the EUV Imaging Spectrometer (EIS) onboard Hinode covering a multitude of emission lines in the temperature range 0.05-16 MK (Milligan & Dennis 2009 ).
It is important to note that these one-dimensional single-loop models predict that in the early flare phase the total line profile should be blue-shifted by several hundred kilometers per second, but the majority of the observations revealed only a blue asymmetry of the spectral lines indicating the presence of a strong static component (e.g., , and references therein). However, the observations can be reconciled with the numerical simulations if a multi-thread fine structure of the flaring atmosphere is accounted for in the modeling (Hori et al. 1997; ).
In the multi-loop scenario, chromospheric evaporation occurs sequentially in a number of individual threads that together make up a larger loop system that may appear as a single loop in X-ray or EUV images. As a consequence, the integrated emission of the newly heated loops (subject to chromospheric evaporation plasma flows) and the previously heated loops (static) do not reveal bulk motions.
Important observational diagnostics of the energy input by electron beams is provided by their hard X-ray (HXR) radiation, assumed to be thick-target bremsstrahlung of electrons scattered off the ions when impinging on the chromosphere (Brown 1971) . The bulk of the kinetic energy of the fast electrons is lost in Coulomb collisions with the ambient thermal electrons, which is efficiently heating the flaring chromosphere. Only a tiny fraction (∼10 −5 ) of the kinetic energy of the electrons is converted to HXR radiation when they are decelerated in the fields of the ions. However, it is the spatial and spectral distribution of -6 -this HXR bremsstrahlung, which provides us with important insight into the acceleration, transport, and energetics of electron beams in solar flares.
Hydrodynamic simulations predict that depending on the incident energy flux, the atmosphere responds by one of two means (e.g. Fisher et al. 1985c,b,a; Mariska et al. 1989; Abbett & Hawley 1999a) . If the energy deposition rate is too small to raise the chromospheric temperature beyond the peak of the radiative loss function at around 10 5 K, the pressure can be raised by no more than a factor of 10. In this case, the heated atmosphere moves slowly upwards at several tens of kilometers per second to adjust to a new equilibrium position, so-called "gentle chromospheric evaporation". Gentle evaporation may also be due to thermal conduction from the hot flaring corona, and was observed in small flares as well as in the preflare and late phase of larger events (Czaykowska et al. 1999; Brosius & Phillips 2004; Milligan et al. 2006b ). For high energy flux densities ( 10 10 ergs cm −2 s −1 ), the chromosphere is unable to radiate away the deposited energy at a sufficient rate and is rapidly heated to coronal temperatures. In this case, the pressure increases by at least a factor of 10 2 (up to 10 3 ). Consequently, the chromospheric plasma expands explosively upward into the loop at velocities of several hundred kilometers per second, in a process called "explosive chromospheric evaporation". The overpressure of the hot evaporating plasma relative to the underlying chromosphere pushes cooler, more dense material downward at velocities of several tens of kilometers per second, establishing momentum balance with the hot plasma upflows (e.g. Fisher et al. 1985a ). Such momentum balance was deduced from some flare observations to within an order of magnitude (Zarro et al. 1988; Canfield et al. 1990; Teriaca et al. 2006) . In a recent paper, Brosius (2009) studied the plasma flow behavior at different temperatures with CDS high-cadence spectroscopy and finds a change from explosive to gentle evaporation during the M1.5 flare in his investigation. This change from explosive to gentle evaporation could be due to the atmosphere being heated and filled with evaporated material during the earlier event.
-7 -This would reduce the amount of electron beam flux reaching the chromosphere during the second event, since due to the increased column density a larger part of low-energy electrons is already stopped in the coronal part of the loop (Brosius 2009 ).
In this paper, we study a well observed M2.5 flare that occurred on 2006 July 6, and concentrate on the flare-induced chromospheric evaporation mass flows observed by CDS, in comparison to the energy input by electron beams derived from hard X-ray data and the results of hydrodynamic simulations. The flare was captured with high-cadence spectroscopy across the southern flare ribbon in UV and EUV emission lines by SOHO/CDS in combination with multi-wavelength high-cadence imaging of the photosphere (TRACE white light, SOHO/MDI white light and magnetograms), the chromosphere (TRACE UV, Kanzelhöhe and Hvar Hα) and transition region and corona (TRACE EUV). In addition,
we also have RHESSI X-ray observations during the flare impulsive phase, which provide us with imaging and spectroscopy of the hot flaring plasma in the corona ( 10 7 K) and allow us to deduce the energy input by flare-accelerated electron beams.
The paper is structured as follows. In Sect. 2, we give a detailed description of the various data and instruments involved in the study, and describe the co-alignment of the different data sets. In Sect. 3 we present an event overview and our results structured into multi-wavelength imaging, CDS spectroscopy and RHESSI imaging and spectroscopy. In
Sect. 4, we discuss our findings and how they relate to hydrodynamic simulations of the flaring atmosphere. Finally, we present our conclusions in Sect. 5.
Data and data reduction
The flare observations analysed in this paper were acquired during a coordinated Lin et al. 2002) .
SOHO CDS, MDI and EIT
During JOP171, the Normal Incidence Spectrometer (NIS) on CDS (Harrison et al. 1995) provided simultaneous high-cadence spectra of six EUV lines formed at chromospheric, transition region and coronal temperatures, used to determine spatially resolved intensities and line-of-sight flow speeds at flaring pixels. Emission lines of the following ions were selected, which we list together with their nominal wavelength and formation temperature (Landini & Monsignori Fossi 1990; Stucki et al. 2002) : Delaboudinière et al. 1995) . EIT observed with a time cadence of ∼12 min in the 195Å passband and 6 hours in the other passbands, with a pixel resolution of ∼2.6 ′′ .
The CDS rasters were taken close in time to the EIT cycle through all four wavelengths, which is regularly done each 6 hours, to optimize the data co-alignment. Dark current and flat field were corrected using the EIT data reduction routines available in SSW.
TRACE
The TRACE satellite (Handy et al. 1999) provided image sequences in the 171Å
(Fe ix/x) passband, observing plasma at a temperature of ∼10 6 K, with a cadence of ∼80 s. Each 10 min, we obtained a cycle of TRACE images at 1216Å (Hydrogen Lyα), 1600Å (UV continuum), 1550Å (C iv) and white light. The TRACE filtergrams feature the solar photosphere, chromosphere, transition region and corona with a spatial sampling of 0.5 ′′ /pixel for a ∼511 ′′ × 511 ′′ field-of-view (FoV). We applied TRACE flat fielding and dark current subtraction using the SSW TRACE data reduction routines. The effect of -11 -cosmic ray particle hits present in some TRACE images was reduced by median filtering.
RHESSI
The Ramaty High Energy Solar Spectroscopic Imager (RHESSI; Lin et al. 2002) observes high energy solar flare emission from 3 keV to 17 MeV with high spectral and spatial resolution for a full-Sun FoV. RHESSI uses a set of nine rotating modulation collimators consisting of pairs of widely separated X-ray opaque grids with high-sensitive Germanium detectors behind each collimator. The X-ray images of the source are reconstructed by ground-based software (Schwartz et al. 2002) from the incident photon fluxes, which are time-modulated by the nine modulation collimators as the spacecraft rotates at 15 revolutions per minute .
The impulsive phase of the M2.5 flare of 2006 July 6 was fully captured by RHESSI observations. We reconstructed RHESSI images in the 6-12 and 20-60 keV energy bands with the CLEAN algorithm using grids 3 to 8, giving a spatial resolution of ∼7 ′′ ). In the 6-12 keV band (dominated by thermal emission of plasma with temperatures 10 7 K), we reconstructed images for consecutive intervals of 30 s. In the 20-60 keV band (dominated by nonthermal emission of electron beams), we reconstructed images over individual bursts in the RHESSI high-energy light curves with integration intervals in the range 30 to 60 s. In addition, for the determination of footpoint source sizes, we also reconstructed RHESSI images over selected peaks in the 20-60 keV energy band with the Pixon and the MEM-NJIT algorithms using grids 1 to 8. Pixon and MEM-NJIT are suitable algorithms to provide reliable estimates of the reconstructed X-ray source sizes (Dennis & Pernak 2009) . Note that for these image reconstructions during the HXR peaks,
we also used the finest RHESSI grid no. 1 (only possible in case of good count statistics), which has a FWHM angular resolution of 2.3 ′′ . RHESSI spectra were extracted with 1 keV -12 -spectral resolution using all front detectors 1 to 9 except 2 and 7 (with lower spectral resolution and high threshold energies), deconvolved with the full detector response matrix (Smith et al. 2002) and fitted with an isothermal plus thick-target bremsstrahlung spectrum (Holman et al. 2003 ) for consecutive 12 s intervals throughout the flare impulsive phase.
Groundbased Hα imaging
During JOP171, we acquired full-disk Hα images at Kanzelhöhe Observatory with a cadence of ∼3 s. The images have a spatial sampling of 2.2 ′′ /pixel and are tracked and aligned using a solar limb-finding algorithm (Otruba & Pötzi 2003) . In addition, we acquired Hα filtergrams of AR 10898 at Hvar Observatory (Otruba 2005 ) with a cadence of ∼4 s. The Hvar Hα images cover a FoV of about 300 ′′ × 300 ′′ centered on the AR, and were co-aligned via cross-correlation techniques with Kanzelhöhe Hα images.
Data co-alignment
Much care has to be taken in such an extensive multi-wavelength study combining imaging and spectroscopic observations from various instruments, to properly co-align all the different data sets. Such considerations were already part of the planning of the JOP171 observing run. The co-alignment between different instruments was derived by the two-dimensional cross-correlation of images or CDS raster scans sensitive to similar temperature ranges (showing similar atmospheric layers) and recorded close in time to each other. Generally, several pairs of images/scans were used for the cross-correlations, and a linear approximation of the shifts in time led to offsets of the coordinate systems with uncertainties typically below ∼1 ′′ . The reference coordinate system for our data set was EIT, which has a pointing accuracy of ∼2 ′′ . First, CDS He i 584Å raster images were -13 -co-aligned with the EIT He ii 304Å full disk image, which was taken roughly at the same time. TRACE 171Å maps were co-aligned with the EIT maps in the same wavelength band, and the pointing information was used to update all other TRACE filtergrams, accounting for the varying FoV of the individual TRACE filters. The co-aligned TRACE white light images were the reference for the MDI full-disk white light images, and the determined offsets were also applied to the MDI magnetograms. Kanzelhöhe full-disk Hα images were co-aligned with EIT 195Å images of the active region. Hvar Hα maps were then co-aligned with the Kanzelhöhe Hα images. RHESSI has a pointing accuracy of better than 1 ′′ , and the pointing information given in the image fits header was not altered. With the resulting co-alignment, brightenings along the CDS slit coincided well with bright flare kernels observed in Hα and in TRACE UV images, which further coincided with the RHESSI HXR footpoint emission observed at several time steps. We also quantified the errors in our co-alignment by repeating the procedure at different times and in changing the sequence of the instruments and filters. We estimate that the co-alignment for our data set is correct to within ∼2 ′′ .
Results

Event overview and context observations
On 2006 July 6 the instruments involved in the JOP171 campaign pointed to AR 10898 located at 6
• south and 34
• west from the solar meridian. The M2.5 flare that occurred on 2006 July 6 around 8 UT was a textbook two-ribbon flare with associated filament eruption and coronal mass ejection. The associated CME was fast (∼900 km s −1 in the SOHO/LASCO coronagraph's FoV). Its main acceleration phase was studied in detail in Temmer et al. (2008) , revealing a peak acceleration of 1.1 km s −2 around 08:20 UT. The event was accompanied by a propagating shock wave, as is evidenced by the coronal and interplanetary type II burst observations of the AIP (Astrophysikalisches Institut Potsdam) and Wind/WAVES dynamic radio spectra. Finally, we note that the event was associated with distinct, long-lasting bipolar coronal dimming regions (see movie1 for the evolution in TRACE 171Å), which are generally interpreted as being due to mass depletion in the wake of the erupting CME and associated field line opening (e.g. Hudson et al. 1996; Zarro et al. 1999) . The evolution of this dimming region (Fig. 3) , which then develop to extended flare ribbons expanding in a north-south direction. In Figure 5 , we show images obtained in the different TRACE passbands around the flare maximum. It can be seen that in its maximum phase, the flare is associated with distinct enhancements in white light at the southern flare ribbon. These white light enhancements spatially coincide with the RHESSI 20-60 keV footpoint emission from flare-accelerated electrons. We observe another distinct peak in RHESSI HXRs around 08:29 UT. At this time, the CDS slit is crossing the strongest energy deposition site along the southern flare ribbon, as is evidenced by the RHESSI 20-60 keV images as well as by the bright TRACE flare kernel within the spectrometer slit (see Fig. 7 ). At this time, we also observe distinct peaks in the CDS O v intensity curves in the selected CDS pixels and strong upflows with velocities up to −100 km s −1 derived from the one-component Gaussian fits (Fig. 10) . However, in 8 pixels on the lower end of the CDS slit, we observe double components in the O v spectra -19 -roughly at this period (08:27:03 to 08:29:04 UT). In Figure 11 we show the evolution of O v spectra in three selected CDS pixels (the same pixels, for which we show the intensities and velocities in Fig. 10 Figure 12 shows RHESSI X-ray spectra together with the thermal plus nonthermal fits accumulated during four selected peaks in the X-ray light curves (indicated by vertical lines in Fig. 13 ). From these fits, we derive the temperature and emission measure of the hot flaring plasma as well as the spectral slope and power in electrons above a cut-off energy E c for thick-target emission (Brown 1971) . The observed RHESSI spectra (e.g., Fig. 12) indicate that the emission 20 keV is dominated by nonthermal power-law emission. This is also consistent with the (upper) estimates of E c derived from the thick-target fits, which are in the range 15 to 25 keV. Therefore, in the following we use a fixed value of E c = 20 keV to determine the kinetic energy of the fast electrons. Figure 13 shows the time evolution of the plasma and electron beam parameters obtained from the fits to the RHESSI spectra integrated over consecutive 12 s intervals. In order to obtain the energy flux density in fast electrons, we also need the cross-sectional area of the electron beam, which we estimate from the HXR sources. HXR footpoint sizes were determined from RHESSI images reconstructed over individual peaks in the 20-60 keV band using the Pixon and the MEM-NJIT algorithms. For the highest RHESSI peak during 08:22-08:24 UT the derived area is in the range A ∼ (2 − 4) · 10 17 cm 2 , and for the small peak during around 08:29 UT, which is accompanied by the highest upflow velocities observed by CDS in the O v line, we find A ∼ (4 − 8) · 10 17 cm 2 . The uncertainties of about a factor of 2 were obtained from the different image reconstruction algorithms. In Fig. 14 we show the two RHESSI Pixon images that we used for the source size determination.
RHESSI X-ray spectroscopy and imaging
With the energy flux in electrons above 20 keV obtained from the RHESSI spectral fits (see Fig. 13 ), this gives for the highest RHESSI peak during 08:22-08:24 UT an energy flux density of P 20 = (4 − 7) · 10 10 erg s −1 cm −2 , and for the peak at 08:29 UT P 20 = (3 − 5) · 10 9 erg s −1 cm −2 .
-21 -
Discussion
The comparison of the energy flux densities in electrons that we derived from the RHESSI observations with the results of hydrodynamic simulations of the atmospheric response to electron beam heating (e.g., Nagai & Emslie 1984; Fisher et al. 1985c,b,a; Abbett & Hawley 1999b; Allred et al. 2005) suggests that for the largest RHESSI peak postflare loops (see last two panels in Fig. 6 ) indicate that actually the loop geometry relative to the CDS slit is not very favorable to measure line-of-sight velocities in the corona, since the coronal loops cross the slit with a strong transversal component, and the coronal velocities derived from the Si xii line may be underestimated. We also note that the intensity behavior in the Si xii line (impulsive emission spike followed by a gradual increase,
i.e. a kind of Neupert-effect-type plasma response; see Fig. 10 , bottom panels) indicates that we observe the emission of plasma accumulating in the corona along the line-of-sight in the selected CDS pixels, due to the chromospheric evaporation process. This is quite different to the impulsive peaks observed in He i and in O v (Fig. 10 , middle panels), where we observe the emission from narrow layers in the chromosphere and transition region, and the intensity increase occurs instantaneously and correlated with the energy input sequence.
More interesting because difficult to reconcile with the "simple" explosive versus gentle evaporation picture is the plasma behavior when compared to the electron beam parameters derived for the small but distinct HXR burst at 08:29 UT. For the energy flux density in electrons we find P 20 = (3 − 5) · 10 9 erg s −1 cm −2 , which is a heating flux too small to drive explosive chromospheric evaporation according to the model results of Fisher et al. (1985c) .
This would suggest that gentle chromospheric evaporation is at work, and the transition region is expected to slowly ablate with velocities of the order of some ten km s −1 . However, at that period we observe the highest upflow velocity in the O v transition region line during the event, with line-of-sight velocities up to −280 km s −1 . We note that we cannot exclude the possibility that the power in the electron beam is actually higher than we derived in our analysis, since this quantity critically depends on the cross-sectional area of the HXR footpoints and the low-energy cut-off to the accelerated electron spectrum, which are both difficult to be exactly derived from the observations. The value we derived for the energy flux in electrons is actually close to the threshold between gentle and explosive -23 -evaporation. However, even in case that the energy flux in electrons would indeed suffice to drive explosive chromospheric evaporation, the CDS observations cannot straightforwardly be reconciled with the hydrodynamic modeling results of the flaring atmosphere in terms of explosive versus gentle evaporation because the velocity of 280 km s −1 in the O v transition region line is directed upward. It is also considerably higher than the upper limit derived by Fisher et al. (1985b) for the expansion velocity of explosive chromospheric evaporation, which is about 2.35 times the sound speed of the evaporating plasma. The formation temperature of the O v spectral line is 2.7 × 10 5 K and the corresponding sound speed ∼70 km s −1 , giving a limit to the expansion velocity of about 140 km s −1 .
We also stress that during these times, we observe in the O v transition region line contributions from both a stationary and a high-velocity upflowing plasma volume, in single CDS pixels which have a size as small as 2 ′′ × 1.7 ′′ , corresponding to an area of 1.8 × 10 16 cm 2 . This implies intriguing dynamics on fine-structured scales of the flaring atmosphere. Double component spectra in transition region lines during a flare have been observed before in individual pixels during high-cadence CDS sit-and-stare spectroscopic observing mode (Brosius 2003b ) but -at least to our knowledge -have not been reported and studied in detail in spectra rastering over the flare region. This is most probably due to the very dynamic nature of the transition region during solar flares, which is difficult to capture in raster mode. It is also remarkable that this distinct intensity peak showing high upflow velocities in the O v transition region line is not accompanied by an intensity peak or plasma flows in the chromospheric He i line. This suggests that most of the electron beam energy is deposited in the transition region layers causing the strong plasma upflows there, and does not reach the chromosphere.
Finally, we note that the light curves extracted in individual CDS pixels in the He i
and O v spectral lines show several distinct peaks during the impulsive flare evolution.
-24 -This implies that either a) the same area of the solar atmosphere is energized several times during the event (which is in conflict with the standard eruptive flare model, where magnetic reconnection driven by the erupting CME activates in sequence different magnetic loops further and further away from the magnetic inversion line), or b) different loops are energized within the same pixel (multi-thread scenario) but cannot be distinguished within the spatial resolution of the instruments. The multi-thread interpretation could also explain the double component spectra observed in individual CDS pixels. In addition, in the multi-thread scenario the electron beam flux on individual threads would be larger than we estimated, and could potentially explain the large range of upflow velocities that is observed with each hard X-ray burst.
Conclusions
We presented high-cadence CDS spectroscopy combined with high-cadence imaging of levels of each images's maximum. Note that the RHESSI flare area used to determine the electron beam flux were derived within the 50% contour of these images.
